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Abstract: A radio-over-fiber system capable of very spectrally efficient data transmission
and based on multiple-input multiple-output (MIMO) and orthogonal frequency-division
multiplexing (OFDM) is presented here. Carrier generation is the basic building block for
implementation of OFDM transmission, and multicarriers can be generated using the
microring resonator (MRR) system. A series of MRRs incorporated with an add/drop
filter system was utilized to generate multicarriers in the 193.00999–193.01001-THz
range, which were used to all-optically generate two MIMO wireless local area network
radio frequency (RF) signals suitable for the IEEE802.11n standard communication sys-
tems, and single wavelengths at frequencies of 193.08, 193.1, and 193.12 THz with free
spectral range of 20 GHz used to optically transport the separated MIMO signals over a
single-mode fiber (SMF). The error vector magnitude (EVM) and bit error rate of the
overall system performance are discussed. Results show that the generated RF signals
wirelessly propagated through the MIMO channel using the 2  2 MIMO Tx antennas.
There is an acceptable EVM variation for wireless distance lower than 70, 30, and 15 m.
It can be concluded that the transmission of both MIMO RF signals is feasible for up to a
50-km SMF path length and a wireless distance of 15 m.
Index Terms: IEEE802.11n, MIMO, OFDM, Radio over Fiber (RoF).
1. Introduction
Wireless communication with higher data rates is becoming greatly important to end users [1].
In this regard, radio-over-fiber (RoF) technology is deployed in wireless networks in order to pro-
vide an increase in capacity and quality of service, and possesses a combination of the flexibil-
ity and mobility of wireless access networks with the capacity of optical networks [2]. Another
approach to increase data rates lies in the development of spatial diversity antenna systems in
a multiple-input and multiple-output (MIMO) configuration [3], which is widely used in wireless
communication systems [4]. A combination of RoF and MIMO thus has the potential to signifi-
cantly enhance system efficiency. Wireless signal transportation in the RoF-MIMO system has
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several drawbacks, including dispersion effects in the fiber link and multipath fading in the wire-
less link [5], [6]. The spectrally efficient orthogonal frequency-division multiplexing (OFDM)
transmission is a means to eliminate intersymbol interference (ISI) caused by dispersive chan-
nels [7]. OFDM has the advantage of robustness against wireless frequency-selective fading
channels, and possesses inherent high chromatic dispersion tolerance in optical fibers. Exploit-
ing the diversity in both the frequency and the space domains of an OFDM-MIMO combination
could result in exceptional system performance [8]. Furthermore, integrating MIMO-OFDM with
RoF provides the possibility of very spectrally efficient data transmission, thereby meeting the
high-speed requirements of future generations of wireless systems [9]. MIMO-OFDM-RoF com-
munication systems employ multiple antenna arrays distributed around a micro/femto cell and
connected to a central base station via optical fiber [10]. In MIMO, several radio channels are
transported between the central unit and the remote units with exactly the same radio carrier fre-
quency [11]. Distinct RoF signals with the same frequency yet separate optical wavelengths can
be transported on the same fiber. In this work, these separated wavelengths are generated
using the microring resonators (MRRs) instead of requiring several optical sources.
An OFDM system includes an inverse fast Fourier transform (IFFT) block at the transmitter
and a fast Fourier transform (FFT) block at the receiver. These blocks are usually implemented
in the electrical domain via high-speed digital-signal-processing (DSP) devices, though such en-
abling devices are commercially and technically challenging. Investigations to reduce the chal-
lenges presented by implementation into the electrical domain have resulted in increasing
attention being paid to all-optical techniques, which are based on the optical generation and
processing of OFDM signals by means of passive optical devices [12], [13]. Transmission of all-
optical OFDM is implemented by first generating multiple optical subcarriers, separating these
subcarriers via optical devices, and finally modulating each subcarrier separately [14], [15]. Opti-
cal carrier generation thus constitutes the basic building block to implement OFDM transmission
fully in the optical domain. The MRR system provides a viable means to generate this building
block that represents the generation of the necessary multi-carriers. The application of the MRR
system in the work described here is two-fold. Firstly, MRR is utilized to generate multi wave-
length carriers for transporting several MIMO-RoF signals over a fiber link, and secondly, the
generated multi-carriers are used to construct an OFDM signal suitable for the IEEE802.11n
standard communication systems. Non-linear light behavior inside an MRR occurs when a
strong pulse of light is inputted into the ring system [16]. The properties of a ring system can be
modified via various control methods, and ring resonators possessing suitable system parame-
ters can be used as filter devices during generation of high-frequency (THz) soliton signals [17].
The technique of MRRs connected in series and incorporated with an add/drop filter system is
utilized in many applications in optical communication and signal processing. A soliton solution
of the nonlinear wave equation is always stable over a long distance link, and this stability of
soliton signals is even more remarkable than the possibility of balancing dispersion and non-
linearity. As such, a soliton shape can adiabatically adapt in response to slowly varying param-
eters of the medium [18].
One important aspect of the MRR system is that suitable tuning of the system parameters al-
lows for desired soliton carriers with specific key characteristics, such as full width at half maxi-
mum (FWHM) and stability, to be obtained at the drop/through ports of the system. These soliton
pulses have sufficiently stability for preservation of their shape and velocity while travelling along
the medium [19]–[21]. The advantage of the proposed system is that the transmitter can be fabri-
cated on-chip or operated by a single device. Market acceptance of laser sources is currently lim-
ited owing to shortcomings such as restricted tunability range and cumbersome size, although
emerging new classes of tunable fiber laser setups are eradicating such constraints. Technologi-
cal progress in fields such as tunable narrow band laser systems, multiple transmission, and
MRR systems constitute a base for the development of new transmission techniques. This paper
is organized as follows: Section 2 covers the theoretical background of single and multi-carrier
optical soliton pulse generation that is usable in an MIMO-OFDM-RoF system. Results of soliton
generation are given in Section 3. Section 4 describes the MIMO-OFDM-RoF system design,
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with the overall view and concepts of the MIMO signal generation and its transmission over SMF
optical link and 2  2 MIMO wireless link presented. Section 4.3 contains details of the EVM and
BER calculation of overall system performance. In Section 5, the MIMO system is compared with
single input single output (SISO) counterpart, and finally, concluding remarks of this work are
provided in Section 6.
2. Theoretical Background
Fig. 1 shows the MRR system for THz frequency band generation. Here, a series of MRRs are
incorporated into an add/drop filter system. The filtering process of the input soliton pulses is
performed via the MRRs, in which pulses of 193–193.2 THz frequency ranges can be obtained.
A large output gain is achieved via the soliton self-phase modulation that is required to balance
the dispersion effects of the linear medium.
The medium has Kerr effect-type non-linearity. The Kerr effect causes the refractive index (n)
of the medium to adhere to the relation [23]
n ¼ n0 þ n2I ¼ n0 þ n2Aeff P (1)
where n0 and n2 are the linear and nonlinear refractive indices respectively, I is the optical inten-
sity, and P represents the optical power. The effective mode core area Aeff ranges from 0.10 to
0.50 m2 for InGaAsP/InP. A bright soliton and Gaussian beam with a central frequency of
193.1 THz and power of 1.2 W are introduced into the input Ein and add Eadd ports of the system.
These optical fields of the optical bright soliton and Gaussian beam are given by [24]
Ein ¼Asech TT0
 
exp
z
2LD
 
 i!0t
 
(2)
Eadd ðt ; zÞ ¼¼E0exp z2LD
 
 i!0t
 
(3)
where A and E0 are the amplitudes of the optical field for the input and add ports respectively,
z is the propagation distance, LD is the dispersion length of the soliton pulse, !0 is the carrier
frequency of the signal and T represents a soliton pulse propagation time. The soliton pulse
propagates with a temporal width invariance, and hence it is described as a temporal soliton.
A balance should be achieved between LD and the non-linear length LNL ¼ 1=NL, where  ¼
n2  k is the length scale over which disperse or nonlinear effects make the beam become
wider or narrower, such that ideally LD ¼ LNL. NL is the non-linear phase shifts. The normalized
Fig. 1. MRR system overview, with abbreviations R: ring radii, : coupling coefficients, Rad : add/drop
ring radius, Ein ;Eadd : input powers, Eout : Ring resonator output Et : throughput output, and Ed : drop
port output.
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output of the light field, which is the ratio between the output and the input fields for each ring
resonator, can be expressed by
Eout ðtÞ
EinðtÞ


2
¼ ð1 Þ  1 1 ð1 Þx
2
 

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" #
(4)
 is the coupling coefficient, and x represents the round trip loss coefficient, whereby x ¼
expðL=2Þ with the ring resonator length L and linear absorption coefficient .  ¼ 0 þ NL,
where 0 ¼ kLn0 and NL ¼ kLn2jEinj2 are the linear and non-linear phase shifts, respectively
[25], [26]. The wave propagation number in a vacuum is k ¼ 2= while the fractional coupler in-
tensity loss is given by . Once the bright soliton pulse is input into the MRRs, a chaotic signal
can be formed by application of appropriate parameters. For the add/drop system, the interior
electric fields Ea and Eb are expressed as
Ea ¼ Eout3  j
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5
p
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where 5 and 6 are the coupling coefficients, Lad ¼ 2Rad , and Rad is the radius of the
add/drop system. The throughput and drop port electrical fields of the add/drop system can be
expressed by
Et
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¼ 5
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and hence the normalized optical outputs of the add/drop system can be expressed by
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where jEt j2 and jEd j2 are the output intensities of the through and drop ports respectively, and
the output electric field from the third ring is given by Eout3. The non-linear refractive index can
be neglected for the add/drop system. The throughput output from the add/drop system enters
the fourth ring resonator, whereupon the filtering of the signals leads to the generation of ultra-
short THz solitons.
3. Results of Soliton Generation
A soliton fiber laser system based on single mode fiber (SMF) was used in this study. The bright
soliton was inserted into the system and subsequently round-tripped within the ring resonators.
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Each round-trip of the input soliton pulse had a consequent single line frequency as output, and
thus the spectrum of the input pulse was split into many single lines frequencies or resulted in
the generation of chaotic signals following accumulated round-trips. This mechanism acted as a
filtering system in which the intensity accumulated during the round-trips of the input pulse. The
fixed parameters of the MRR system are listed in Table 1. The results of the chaotic signal gen-
eration are shown in Fig. 2. The input pulse of the bright soliton and Gaussian beam pulse with
power of 1.2 W were inserted into the system. Large bandwidth within the MRRs was generated
via a bright soliton pulse input into the non-linear system. The signal was chopped (sliced) into
smaller signals spreading over the spectrum, and consequently a large bandwidth was formed
due to the non-linear effects of the medium. A frequency band of soliton pulses could be formed
and trapped within the system when suitable ring parameters are selected. Filtering of the soli-
ton signals was performed when the pulses passed through the MRRs. The output signals from
the MRRs, as seen in Fig. 2(b)–(f), were generated with a frequency range of 193–193.2 THz.
The fourth MRR's output ðEout4ðtÞÞ shows localized ultra-short soliton pulses at frequencies of
193.08, 193.1, 193.1054, and 193.12 THz in Fig. 2(f). The drop port output, Ed, is shown in Fig. 3.
The input Gaussian beam with short bandwidth of 600 MHz into the add port of the system re-
sulted in the generation of multi-soliton pulses ranging from 193.099625 to 193.100375 THz as
shown in Fig. 3(a). The range 193.00999–193.01001 THz was selected in this study and used to
generate 64 multi-carriers with specific free spectral range (FSR) of 312.5 kHz that was suitable
for IEEE802.11n signal generation. These 64 multi-carriers were generated by using a gain flat-
tening filter (GFF) on the multi-solitons with a threshold power of 0.2 mW and are shown in
Fig. 3(c) and (d).
Fig. 2. Results of single and multi-carriers. (a) Input bright soliton. (b) Output from first ring. (c) Out-
put from second ring. (d) Output from third ring. (e) Output from the fourth ring. (f) Expansion of the
output R4.
TABLE 1
Fixed parameters of the MRR system
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The advantage of using the add/drop filter system is to generate spatially uniform multi-
solitons that can be filtered and subsequently utilized as multi-carriers possessing uniformity in
both space and power.
4. System Setup
The schematic of the MIMO-OFDM-RoF system setup is shown in Fig. 4. At the transmitter
central office (TCO) a series of MRRs were connected to an add/drop system in order to
Fig. 3. (a) Multi-solitons output from the drop port. (b) Multi-solitons with range 193.00999–
193.01001 THz. (c) 64 multi-carriers generation. (d) FSR of the multi-carriers has the value of
312.5 kHz.
Fig. 4. System setup.
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generate single and multi-soliton carriers. As shown in Fig. 2(f), the fourth MRR output gener-
ated four carriers which were centered at (a) 193.08, (b) 193.1, (c) 193.12, and (f) 193.1054 THz.
These four carriers were separated with a demultiplexer, after which the carrier f was in-
serted in the RF signal generator module (RF-SGM). The two carriers a and c were assigned
for modulating two MIMO signals generated via RF-SGM using Mach-Zehnder optical modula-
tors (MZM), while carrier b was designated for uplink communication.
4.1. MIMO WLAN Signal Generation
The MIMO WLAN signals were generated using the RF-SGM, with the principal operation of
the RF-SGM illustrated in Fig. 5. This module had two optical inputs, one electrical input, and
two RF output ports. The electrical input port was connected to the pulse pattern generator
(PPG) which generated quadrature phase-shift keying (QPSK) data signals. Optical inputs con-
sisted of the single carrier f with frequency 193.1054 THz and the multi-carriers centered at
193.1 THz. In order to generate all optical WLAN MIMO signals, multi-carriers were first sepa-
rated by the optical splitter and subsequently 52 out of the 64 multi-carriers were modulated
via a QPSK signal from the PGG via an external optical modulator (EOM). An array waveguide
grating (AWG) was used to characterize the IFFT block at the transmitter and the FFT block at
the receiver [15]. We want the optical OFDM signal to have 64 subcarriers with frequency
spacing of 312.5 KHz, so the AWG should be a cyclic AWG with 64 channels in the arrayed
waveguides, with channel spacing of 312.5 KHz. The FSR of the AWG should be
64 312:5 KHz ¼ 20 MHz, implying 	 ¼ 1=20 MHz ¼ 0:5 ps. Spectra of the modulated optical
subcarriers were overlapped, and this resulted in one optical OFDM channel band. Then the
generated all-optical OFDM signal was multiplexed by the wavelength of carrier f possessing
frequency 193.1054 THz. The distance between a single subcarrier and the center of the multi-
carriers was 5.4 GHz, the RF band for the IEEE802.11n standard. After beating the two wave-
lengths to the photodetector (PD), the WLAN OFDM signal shown in Fig. 6(a) was generated.
This OFDM signal was divided into two equal WLAN MIMO signals (X1, X2) with the same RF
carrier frequency 5.4 GHz by means of a RF coupler with coupling factor of 0.50. Transferring
RF WLAN MIMO signals over SMF will result in severe power degradation due to fiber chro-
matic dispersion. RF power degradation due to the fiber dispersion was overcome by imple-
mentation of the optical single sideband (OSSB) modulation technique [22]. As such, the
OSSB+Carrier modulation technique was implemented, with the MZMs used to modulate the
MIMO signals (X1, X2) on two assigned carriers a and c, respectively. The subsequent re-
sults are shown in Fig. 6(b).
Fig. 5. RF-SGM schematic diagram.
Vol. 6, No. 6, December 2014 7903611
IEEE Photonics Journal IEEE802.11n Signals for MIMO-RoF via MRR
4.2. MIMO WLAN Signals Optical Transmission
Subsequent to the previously described procedures, the modulated optical signals and the
base optical carrier b were multiplexed and then amplified by an erbium-doped fiber amplifier
(EDFA). This multiplexed signal with the spectral profile shown in Fig. 6(b) was next transmitted
through the SMF. Specifications of the SMF included a non-linear refractive index of 2.6  10–
20 m2/W, the fiber optic was utilized in two lengths of L ¼ 25 and 50 km, attenuation of 0.2 dB/km,
dispersion of 5 ps/nm/km, differential group delay of 0.2 ps/km, effective area of 25 m2, and a
non-linear phase shift of 3 mrad. The received optical signal power was adjusted by a variable
optical attenuator (VOA) and was set at 15 dBm. The transmitter antenna base station (TABS)
comprised a demultiplexer, a polarization controller (PC) to adjust the state of the polarization,
PIN photodetectors (PDs) with 0.7 A/W responsivity, electrical band pass filters (BPFs), ampli-
fiers and multiple transmitter antennas (Tx1, Tx2) for MIMO applications. The optical downstream
was demultiplexed to the two modulated optical signals and one un-modulated carrier b, after
which two modulated optical signals were converted directly to electrical signals using PDs. The
base carrier b was then reusable for the generation of uplink wavelength. Electrical signals were
filtered on the allocated RF frequency by using BPFs.
4.3. MIMO WLAN Signals Wireless Transmission
The general V-BLAST system with Zero Forcing (ZF) detectors in fading channels as shown
in Fig. 7 is considered for MIMO processing. The MIMO OFDM signals ðX11;X12Þ, which are
identical to the transmitted signals (X1, X2) with small noise, propagated wirelessly through the
MIMO channel using 2  2 MIMO Tx antennas designed to operate at 5.4 GHz, possessed the
frequency response as shown in Fig. 7(a)–(d), and were received by wireless end users. The ar-
ray type antenna was chosen in order to enhance gain values, and this MIMO array antenna
covered a footprint of 45 45 mm2, radiated a fixed beam in the boresight direction, and
achieved a 10 dB impedance bandwidth of 20 MHz with the maximal realized gain of 23.66 dBi
at 5.4 GHz. The 5.4 GHz wavelength is approximately 2.18 in. Therefore, to support diversity on
a 5.4 GHz radio with two separate antennas, the antennas was spaced approximately 2.2 in.
apart. Noises on the signal were mostly stemmed by the optical elements and optical link,
while the PCs were used to maximize PD performance.
Propagated RF WLAN signals are received at the receiver antenna base station. The quality
of digital communication signals can be assessed via calculation of error vector magnitude
(EVM), in which the RF signals are amplified, analyzed and then EVM based on wireless
Fig. 6. (a) All optically generated OFDM signal. (b) Transmitted signal spectra to SMF.
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channel distances is performed. The EVM results for different wireless distances and in different
optical path lengths are shown in Fig. 8. According to [15], the EVM threshold for successful
communication is 25% for QPSK modulation. It is clear for different optical path lengths of back
to back (B2B), 25 km and 50 km there is an acceptable EVM variation for wireless distance
lower than 60, 30 and 15 m respectively. Therefore it can be concluded that the transmission of
both MIMO RF signals is feasible up to a 50 km SMF path length and wireless distance of 15 m.
A further investigation on system performance was conducted using a bit-error-rate (BER) cal-
culation. As illustrated in Fig. 9, the system performance was investigated under three fiber
lengths (B2B, 25 km and 50 km) whereby wireless distance remained at 15 m.
In order to investigate the optical link performance, the total optical power level after amplifi-
cation was adjusted with a VOA. At the threshold BER ð3:8 103Þ there are 21.7, 20.3, and
16.5 dBm sensitivities for Rx at fiber transmissions at B2B, 25 km and 50 km, respectively.
Thereafter, power penalties of 1.4 and 5.2 dB were determined for 25 and 50 km SMF transmis-
sions, respectively, at the BER threshold. The presented system and results demonstrate the
feasibility of using the MRR system to generate both single and multi-carriers that can be ap-
plied to the optical generation of WLAN MIOMO signals.
Fig. 7. MIMO channel frequency response.
Fig. 8. EVM calculation of overall system.
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5. MIMO vs SISO
Fig. 10 shows the BER performance of single-input and single-output (SISO) and MIMO and
QPSK modulation scheme for a B2B optical link and 15 m propagation through a wireless
channel.
A SISO configuration, which was single antenna for transmitter and single antenna for the re-
ceiver end, had no diversity on either end, yet the MIMO arrangement, which exploited two
transmitter antennae and two receiver antennae, allowed for diversity to exist at both end of the
wireless communication process. Consequently, the BER performance of MIMO system was
better than SISO over the same received power.
6. Conclusion
A series of MRRs incorporated with an add/drop filter system were used to generate THz fre-
quency band signals. Filtering of the input pulse within the system allowed for generation of
single- and multi-soliton pulses to be used in a described MIMO-OFDM-RoF communication
system. A soliton THz range of 193–193.2 THz at frequencies of 193.08, 193.1, and 193.12 THz
with FSR of 20 GHz was achieved, which provided the carriers necessary for MIMO RF signal
transportation. All-optically generated WLAN signals were investigated in RoF applications.
Fig. 10. BER vs SNR for SISO and MIMO.
Fig. 9. System performance under B2B, 25, and 50 km fiber lengths. Eye diagrams for B2B, 25 km,
and 50 km.
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Results confirmed that two 5.4 GHz MIMO-WLAN signals were generated and transported
through the SMF optical link and 2  2 MIMO channel. EVM and BER calculations for the over-
all channels confirmed the feasibility of MIMO transportation. The authors anticipate the work
described here will spur further development in this field.
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